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Abstract

The Environmental Protection Agency is currently developing sediment quality

criteria in order to protect the nation's water sources.

In order to assist in the

development of standards for the disposal of heavy metals, our laboratory is undergoing

sediment toxicity studies on Chironomus riparius.

that spends most of its life in the sediment.

It is an EPA approved test organism

Following a previous study (Cochrane et al.,

1994), the organism's response to heavy metals will be monitored on the genetic level.

Several genes, including a Balbiani ring (BR) gene, which was the focus of this thesis,

will be studied to determine the effects on carbohydrate metabolism and induction of

protective proteins.

Much of the genome of C. riparius is unknown, therefore, the genes

involved in toxicity studies had to first be sequenced.

Primers to amplify a region of a

BR gene were selected from a species within the same Genus, C. tentans.

the amplified fragment was based on the Sanger sequencing method.

sequence was compared to a database for confirmation.

Sequencing of

The experimental

Molecular probes based on the

experimental sequence were made and then tested for specificity and ability to detect

varying levels of message using solution hybridization and differential display.

A

Balbiani ring fragment was isolated and sequenced, but the probe was unable to detect

message.

It is possible that the message was not induced.

VII

Introduction

Heavy metals are well-established pollutants that can damage aquatic ecosystems

(Kaviraj and Konar, 1982). Cadmium, copper, nickel, lead, and zinc arc examples of heavy

metals that contaminate the sediment as a result of human activity and natural processes (Sanders

et al., 1993, and Al-Madfa et al, 1994).

Natural sources of heavy metals arc eroded soil particles,

volcanic activity, vegetative exudates, and forest fires (Nriagu, 1977).

Human sources include

non-ferrous metal production and use, automotive combustion, waste incineration, fertilizers,

dumping of sewage, and coal combustion (Nriagu, 1977 and Nriagu and Pacyna, 1988). Just

about every industry emits metals into the water and soil, thereby dumping millions of tons each

year (Nriagu and Pacyna, 1988).

The Environmental Protection Agency is currently developing sediment quality criteria to

protect the nation's water sources (Nriagu, 1988; Farris and Elliot, 1997).

This includes

developing standards for toxic levels of heavy metals in sediments in order to regulate disposal.

The toxicity of toxicants in sediments depends on the degree of binding to particles (Di Toro et

al., 1990}.

It is important to develop bioassays for sediment toxicity because the effect of

toxicants on organisms is more environmentally relevant than just considering the concentration

within the sediment. Bioaccumulation is a major factor in detennining toxicity within organisms

(DiToro and Ankley, 1997}.

The concentration within the organism depends on uptake,

conversion, and excretion of the substance (Niesink, 1996).

Acute and chronic toxicity tests have been used to detennine and identify toxicants within

sediments (Reynoldson et al., 1994).

However, current toxicity tests have had certain limitations

including 1.) mode of toxicity was unknown, 2.) there was a great dependence on extrapolation

from dose-response kinetics, 3.) tests on one species may not be adequate considering that

species react differently, and 4.) subtle effects arc missed since the end-points are usually large

scale observations such as mortality, development rate, and reproduction (Cochrane et al, 1991 ).

Sub lethal effects arc useful biomarkers for the effects of toxic agents on ecosystems and should

be used to develop standards.

Evidence has suggested that changes in gene expression can be a result of the organism'S

exposure to toxic agents.

For example, metallothionein was shown to be induced in Drosophila

larvae exposed to mercury, silver, copper, zinc, and cadmium (Maroni et al., 1986). Also, a

decrease in gene transcription was detennined by reduction of polytene chromosome puffing in

salivary glands of Chironomus tentans that were exposed to genotoxic substances (Bentivegna

and Cooper, 1994).

It has been suggested that measuring mRNA levels is preferable to

measuring protein levels for several reasons: 1.) an immediate response is not detected due to

lag-time between transcription and translation, 2.) stability of proteins lasts beyond exposure to

the toxic agent. and 3.) proteins are induced by a variety of agents (Cochrane et al, 1994).

To

overcome these difficulties, Cochrane and coworkers developed molecular probes that detected

changes in mRNA levels of heat-shock protein in the rotifer Brachionus plicatilis (Cochrane et

al., 1994). lbey demonstrated that response to stress can be studied on the genetic level.

In order to assist in the development of standards for disposal of heavy metals, our

laboratory has been developing methods involving gene expression as a sublethal biomark.er for

heavy metals, such as cadmium.

Our test organism bas been the aquatic larval stage of the midge

fly Chironomus riparius. Chironomids are abundant in freshwater ecosystems and have an

important position within the f
ood chain.

Zandt et al., 1994).

They arc eaten by fish and other vertebrates (van der

We chose this organism because it is an EPA approved test organism and

most of its life cycle is spent within the sediment.

2

Their life cycles begin with adults laying eggs

in the water, the larvae then settle into the sediment where they pass through four instars,

eventually they pupate and emerge from the water as adults.

Invertebrates, such as chironomids,

have been shown to accumulate lead and cadmium more than other aquatic organisms; therefore,

changes within them due to sediment contamination may be the first indication of a pollution

problem (Meyer et al, 1991 and van der Zandt et al, 1994).

1be genes to be obtained for the toxicity studies performed in our laboratory have been

metallothionein, heat-shock, PEPCK, a-amylase, and a member of the Balbiani ring (BR) gene

family.

Heat-shock proteins, also known as stress proteins, have been produced in response to a

variety of stressors including heat, UV light, heavy metals, and xenobiotics in order to protect the

organism from their potentially lethal effects (Sanders, 1993).

Metallothionein has been found to

bind to copper, zinc, and cadmium to protect the organism from their toxic effects (Maroni et al,

1986). PEPCK and a-amylase have been shown to have roles in carbohydrate metabolism.

PEPCK, phosphoenolpyruvate carboxykinase, catalyzes the conversion of oxaloacetate to

phosphoenolpyruvate as part of gluconeogenesis, and the enzyme a-amylase breaks down starch

and glycogen in saliva (Mathews and VanHolde, 1996).

Heavy metals have been shown to

affect carbohydrate metabolism thereby interfering with generation of energy in the organism.

This was demonstrated by a study in which gypsy moth larvae were exposed to cadmium, lead,

copper, and zinc resulting in a decrease in glucose and trehalose (Ortel, 1996).

The Balbiani ring gene bas been of interest because it is constitutive and might be able to

serve as a control for the other inducible genes.

Four Balbiani ring genes (BRI, BR2.l, BR2.2,

and BR6) have been found with the possibility of a fifth new member (Paulsson et al, 1992).

These genes were about 35 to 40 kilobases in length and encoded for large secretory proteins
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secreted by salivary glands (Rylander and Edstrom, 1980).

These proteins joined to make large

fibers entwined to create a larval tube used for feeding and protection (Grossbach, 1969).

The main objective of this thesis was to develop a gene specific molecular probe that

could detect varying levels of BR mRNA in sediment toxicity studies using C. riparius larvae.

However, most of the C. riparius genome is unknown.

other genes of interest, needed to be sequenced.

other Chironomus species.

Therefore, the BR gene, as well as the

Fortunately, BR genes have been sequenced in

In our studies, known BR sequences were aligned,

were taken from regions of high homology.

and PCR primers

Th.is approach was based on a study using PCR as a

means of obtaining stress protein probes (Cochrane et al., 1994).

We followed their example and

used primers generated from BRl of C. tentans to amplify regions of BRl gene in C. riparius.

The amplified fragments were sequenced and compared to a database to determine if they were

part of a Balbiani ring gene.

probes were developed.

From a correctly identified sequence, gene specific molecular

The probes were then tested for specificity and ability to detect varying

levels of message.
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Materials and Methods

A. Animals

C. riparius was a gift from Dr. Allan Mcintosh.

temperature (20-24°C) on a 120: 12L hour photoperiod.

filtered.

They were maintained at room

Culture water was particle and carbon

Total water hardness was 130 mg/ml and pH was 7.0.

The diet consisted of ground

TetraDoro Min® Ploating Food Sticks from Tetra (Blaclcsburg,VA).

B.

Chemicals

All chemicals were purchased from Sigma Chemical, Co. (St Louis, MO) and were ACS

grade or better.

Other supplies and kits arc cited in the appropriate methods section.

C. Primer and Probe Design

The computer program, PC Gene (lntclligenetics, Inc., Mountainview, CA) was used to

develop primers and probes for PCR, solution hybridization, and differential display analysis.

The program includes a database of known sequences and allows entering of new sequences.

can align sequences and identify regions of homology.

It

The program was also used to find primer

pairs and RNA probes that would not produce stem-loop formations or homodimers.

The primer

pairs and probes that were used in this study were from positions that showed the greatest

homology between the BRI genes of C. tentans and C. pallidivittatus.

supplied from Oligos, Etc. (Wilsonville, OR).
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Primers and probes were

D.

DNA Preparation

To isolate genomic DNA, six, fourth instar larvae were homogenized in Proteinase K

buffer

(O.S M NaCl. 0.2% SDS. 0.01 MTris pH 7.4. 0.0125 M EDTA pH 8) and centrifuged to

pellet cellular debris.

The supernatant was transferred to a clean tube to which 2 mg of

Proteinase K (Sigma Chemical, Co., St. Louis, MO) was added.

Protein and RNA were then

removed simultaneously using TriReagent (Sigma Chemical, Co., St. Louis, MO) according to

the manufacturer's directions (Chomczynski, 1993 and Chomzynski, 1987).

The DNA was

further processed by resuspension in TE (10 ml Tris/llCL, I mM EDTA. pH 7.4) followed by

extraction with PCI (25:24: 1 Tris buffered phenol:chloroform:isoamylalcohol).

extraction was performed using 25: 1 chloroform:isoamylalcohol.

A second

Following centrifugation,

DNA was precipitated from the aqueous layer using 75% ethanol and 0.5 M NaCl. The DNA was

then washed in 70% ethanol and resuspended in 100 µI of ddH20,

E.

PCR Protocols

E. I.

Genomic DNA

PCR was performed using a standard PCR kit from Life Technologies (Gaithersburg,

MD).

Approximately 1 µg of genomic DNA was combined with 20 pmol of each primer. 1.5

mM MgCl, 2 mM Tris buffer. 1.8 mM dNTP, and 2.5 units of Thennus aquaticus DNA

polymerase.

PCR was perfonned in a Gene Amp PCR System 2400 thermocycler from Perk.en

Elmer (Branchburg, NJ). Samples were heated at 94 °C for 5 min then cycled 40 times through

the following temperatures: 94 °C 1 min, primer annealing temperature 2 min. and 72 °C 1 min.

Samples were incubated at 72 °C for 3 min and held at 4 °C until collected.
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As will be discussed

in the results and discussion sections, the PCR cycle was later altered to improve results.

This

included 10 cycles at a lower annealing temperature, and then cycling 30 times at a higher

annealing temperature that was more specific for the primer.

electrophoresis using a 2% low melting point agarose gel.

PCR products were analyzed by

Amplified products were recovered

from the gel using Nuclciclean, Nucleic Acid Rapid Isolation Kit from Sigma BioSciences (St.

,

Louis, MO).

E.2.

Reamplification of Products

Isolated genomic PCR fragments were diluted 1:1000 and then purified by rcamplifying

10 µI of the diluted solution.

of

The following conditions were used: heat at 95 °C 5 min,

30 cycles

95 °C I min, annealing temperature 1 min, and 72 °C I min, heated at 72 °C 3 min, and then

stored at 4 °C until collection.

F.

Products were separated by gel electrophoresis as above.

Sequencing

PCR products were sequenced using Ampli-Taq Cycle Sequencing kit from Life

Technologies (Gaithersburg, MD), which is based on the Sanger sequencing method (Sanger and

Coulson,

1975).

Visualization of products was achieved by the random incorporation of

32

P-

a -ATP

during PCR.

Products were separated on a 6% polyaccylamide gel using Sequin

Gen apparatus from BioRad (Hercules, CA) and exposed to X-ray film (Wolf Scientific

Autoradiography, Wolf X-Ray Corp., W. Hempstead, NY) for 24 hours.

7

G. Actinomycin D Experiments

Since Balbiani ring genes are constitutive, fourth instar larvae were exposed to varying

concentrations (0, 0.02 mg/1, 0.06 mg/I, and 0.24 mg/I) of actionmycin D (Sigma Chemical, Co.,

St. Louis, MO) in order to achieve decreasing levels of gene transcription.

were selected based on communication with Dr. Carolyn Bentivegna.

These concentrations

The larvae were exposed

for 24 hours to a 100 ml solution of water and actionmycin D in a 250 ml beaker (no substrate or

f
ood was included).

Total RNA from exposed larvae was prepared as below and used to test the

molecular probes.

H.

RNA Preparation for Solntion Hybridization

RNA isolation was performed according to the technical bulletin MB-205 (1995)

accompanying TriReagent (Sigma BioSciences, St. Louis, MO).

homogenized in TriRcagent and centrifuged.

remove proteins.

Chloroform was then added to the supernatant to

Further centrifugation resulted in 2 layers.

the RNA and was transferred to a clean tube.

washed with 75% ethanol.

Six, fourth instar larvae were

The upper, hydrous layer contained

The RNA was precipitated with isopropanol and

RNA was resuspended in 100 µl of water (DEPC-H20) treated with

diethyl pyrocarbonate (Sigma Chemical, Co., St. Louis, Mo).

I.

Solution Hybridization

The protocol used was adapted from Hamilton et al. (1988).

25 pmol aliquots and stored at -70 °C.

Probes were dried down in

Immediately before use, probes were end-labeled with

32

-P-y-ATP to a specific activity of at least 2000 cprnlfmol using I O U ofT4 Kinase (Life
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Technologies, Gaithersburg, MD).

Unlabeled probe was removed by passing contents through a

G-25 column (Pharmacia, Piscataway, NJ).

For hybridization, the cleaned probe was diluted to a
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specific activity of 5-10 x 10

cpm and added to the following reaction mixture: total RNA (10

µg), DEPC-H20, and 2X Hybridization Buffer(l.5 M NaCl, 0.4% SDS, 8 mM EDTA, and40

mM Tris, pH 7.5), with a final volume of 50 µI.

waterbath at 37 °C with shaking.

After hybridization, 8 U of SI nuclease (Sigma Chemical, Co.,

St. Louis, Mo) in buffer (0.75 M NaCl, 2.8 mM

added to the samples.

Samples were then hybridized overnight in a

Zn acetate, 70 mM Na acetate, pH 4.5) was

They were then incubated for I hr in a waterbath with shaking. This

allowed digestion of non-hybridized probe and RNA.

Duplexed RNA and probe was

precipitated using 10% TCA (trichloroacetic acid) and incubating at 4 °C for 1 hr or longer.

Samples were then passed over S&S Glass Fiber Filters (Schleicher & Schuell, Keene, NH) on a

S&S Minifold e I dot blotter (Schleicher & Schuell, Keene, NH).

Amount of hybridization was

determined by measuring the amount of radioactivity deposited on individual filters by using a

Beckman LS1801 Liquid Scintillation System (Beckman Instruments, Inc., Fullerton, CA).

Total probe count (TPC) samples were probe alone carried through the assay without

addition of RNA or S 1 nuclease. The counts should have been within 40-80% of total

radioactivity added (Hamilton et al., 1988).

They served as a control for possible degradation of

probe or poor precipitation, as demonstrated by counts less than or equal to 30% of total

radioactivity added added (Hamilton et al., 1988).

without addition of RNA.

nuclease.

S 1 samples were carried out through the assay

These controls represented background and verified the activity of S 1

The counts should be between 0.2-0.4% of total radioactivity added added (Hamilton

etal., 1988).
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J. Statistics

All statistics were performed using Microsoft Excel Analysis Toolpak (GreyMatter

International. Inc., Cambridge, MA).

Results from solution hybridization experiments were

analyzed using one way analysis of variance, p :S: 0.05.

K. RNA Preparation for Differential Display

Before being used for differential display, total RNA from above was treated to remove

any traces of DNA using MessageClean Kit from GenHunter Corporation (Nashville, TN)

according to manufacturer's directions.

DNA was first digested using DNase I, and then protein

was extracted using a 3: 1 Phenol:CHCh solution.

using 3 M NaOAc and 100% ethanol.

washed with 70% ethanol.

Following extraction, RNA was precipitated

The samples were then centrifuged and the RNA pellet

RNA was resuspended in DEPC-H20.

L. Differential Display

The assay was perfonncd using an RNAimage® kit (GenHunter Corporation, Nashville,

TN).

Differential display is a relatively new method used to identify and isolate differentially

expressed genes (Liang and Pardee, 1995).

First, reverse transcription of total RNA was

performed using specific and/or anchor primers.

The anchor primers consisted of a string of

thymidine bases complementary to the poly-A tail of mRNA thus eliminating other types of

RNA.

At the end of the primer was an adenine, guanine, or cytosine to allow proper alignment

of the primer on mRNA subdividing mRNA populations (Liang and Pardee, 1995).

IO

Once the

cDNA was generated, nonspecific positive primers supplied with the kit or a primer specific for

BR was used with the appropriate negative primer to amplify specific cDNA targets.

The reverse transcription reaction had a final volume of 20 µI and consisted of DEPC

H,O, 5 X RT buffer, 250uM dNl'P, 0.1 µg/µl of total RNA, and 2 µM of anchor primers or20

µM of the negative primer M46.

60 min.

Samples were heated at 65 °C for 5 min and then at 37 °C for

After 10 min at 37 °C, the thermocycler was paused until MMLV reverse transcriptase

could be added.

Samples then continued to heat at 37 °C for 50 more minutes, followed by 75 °C

for 5 min, and storage at 4 °C.

Once the cDNA was generated, PCR was used to amplify the

products and incorporate the a-[32-P]d.ATP

for visualization by autoradiography.

The PCR

reaction had a final volume of20 µI and consisted of dH20, 10 X PCR buffer, 25 µM dNTP,

positive primer, negative primer, previous RT-mix, a.-[32-P]dATP, and Taq DNA polymerase.

Samples were cycled 40 times at 94 °C for 30 sec, 40 °C for 2 min, and then 72 °C for 30 sec.

Samples were then held at 72 °C for 5 min and stored at 4 °C.

polyacrylamide gel and exposed to X-ray film for 24 hours.
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Products were separated on a 6%

Results

A.

Alignment of BRl Genes to Indicate Areas of Homology for Possible

Primer Sequences

In order to find conserved regions that could be used as possible primer sequences,

Balbiani ring genes were aligned using PC Gene.

C. palldivinatus and C. tentans.

Figure 1 shows the alignment of BRl genes of

As indicated by lines linking identical bases, there is 85.92%

homology between BRl genes of these two species.

taken from areas of high homology.

alignment.

Positive and minus strand primers were

Table I lists the primer sequences generated from this

The most successful primer pairs were P9 and M46.

According to Figure 1, the

positive strand primer P9 starts at position 265 hp, and the minus strand primer M46 starts at

position 1100 hp in C. tentans BRl gene. The distance between the two primers was 816 base

pairs.

Therefore PCR products using P9 and M46 were expected to be within a 600-900 base

pair range. The other primers, Pl2 and M48 were used in PCR of genomic DNA, but did not

generate bands of the expected size.

B.

Using Primer Pairs to Amplify Possible BR Genes

Figure 2 shows a comparison between products generated from standard and altered PCR

cycles. Using the standard PCR cycle with primers P9 and M46 on C. riparius genomic DNA,

many bands were generated (Figure 2A) that were close in size to each other and within the

expected range.

Altering the cycle as described in the Materials and Methods section produced
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CP

AGGCCGAAOCTGAAAAA.�IJ.�AGGTTCAGTGCTAGT

IIII

IIIIIIIIIII

IIIIIIII

IIIII

IIIII

IIII

-183

CT

AGGCTGAAGCTOAllftO'!'OCCA.•-U<DAI.TOOTAGATI'CAATGCTAGT

-300

CP

AAATGCAGATGTACCTCAGCTGGTAAACCAAGCMATCTGAACCAAGAAC

-233

IIIIIIIIIIIII

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

CT

AAATGCAGATGTAACTCAGCTGGTAAACCMGCMATCTGAACCAAGAAC

-350

CP

TGAAAGACCAACAACA'l'GCG'l"l'GAA'l'CCAGTGAAAGTGATGAAGT'l'AC':fC

-283

IIIIIIIIIIIIIIIIIII

IIII

IIIIIIIIIII

IIIIIIIII

III

CT

'l'GAAAGACCAACACATGCA'l'TGAGTCCAGTGAAAGCGATGAAGT'l'OC'rC

-400

CP

CllC'fCC'l'QUQ'CACAACTI'GTGTCGTTCTAGCGAAAGTCGTGAA

-333

IIIII

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

CT �CACAACTI'GTGTCGATTCTAGCGAAAGTCA'l'GAA

-450

'l'CTCCAG-------------------------------------------

-340

CP

Il

BP

IIIIIII

III

CT

TCCACAGCAACAGAAGGACCAACAACT'l'GCTTAGAGTCTAGTGAAGATGA

-500

CP

-----------TTTOTOATGATGCAATGAGAAAGTCAGAAGGAGAAMAT

-379

IIIIIIIIIIIIIIIIIIIII

III!

I

III!

CT

TOATACTTTAGrTTG'l'GATGA'l'CCAA'l'GAGAAGAACAGAGTCTGCTMAT

-550

CP

'l'GACATI'Tl'GGCTAAGCTCTTCAAGCCACAAGGCGGAGA'l'TI'CGAAGCT

-873

IIIIIIIIIIIIIIIIIIIIIIII

IIIIIIIIIIIIIIIIIIIIIII

CT 'l.'GACATTTTGGCTAAGCTCT'l'CMACCACAAQGCGGAGATTTCGAAGCA

-1099

CP

-924

�'fQQCAAAAAG'l'TAACA'l'CTGMMGAAGGAGAAG

IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

II

IIIIIIIIIIIIIIIII

CT

�'!OOCAAAAAGTTATCACCTGAAAAGAAGGAOAAG

-1150

CP

TTTGGCAAGGCACTCCAAGATGCTGTCAAAGGC'M'GGAAGATG'l'CCTCAA

-974

lllllllllIIIIlllllillIIIIIIIIIIIIIIIIIIIII

II

III!

CT

Tl'TGGAAAGGCACTCCAAGATGCTGTCAAAGGCTTGGAAGATATCA'l'CAA

-1200

CP

CTCCTAAAT'l'ACTACTAGAAATATTTTI'MATTCCCAATAATTTTAAGCT

-1024

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

IIIIIIIIIIIIIII

CT

C'l'CCTMAT'l'ACTACTAGAAATATTTTI'AAATI'CTCAATAATTTTAAGCT

-1250

CP

CTTAGTAAATCGTATCATAAGCAGTGGTGAT'l'AGATAATAGAAA'l'CAATT

-1074

IIIIII

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

CT

CTTAGTCAATCGTATCATAAGCAGTGGTGAT'l'AGATAATAGAAA'l'CAATT

-1300

CP

AGTAATAAT'l'AAACTTCTACTTTCCTC'l'A'l'CftC'l'ACGC'l'A'lCCTA'fOGA.

-1124

IIIIIIIIIII

IIIIIIIIIIIIIIIIIIIIIIII

IIIIIIIIIIIII

CT AGTAATAATTACACT'l'CTACT'l"l'CCTCTATCffCTATOC'rA'rCC'l'A'l'GQA

Figure 1.

-1350

The alignment of C. pallidivittatus (CP) and C
. tenlans (CT) BRl (3' region).

Only the region to be amplified is shown. The region from 551-824 bp of the C. pallidivittatus
gene and the corresponding region of the C. tentans gene are omitted. as indicated by dashed
lines.

There was 85.92% homology between the two sequences, as indicated by the symbol "I"

linking identical base pairs.

The primer sequences are boldfaced.

P9 begins at position 265 bp,

Pl2 at 395 hp. M46 at 1100 hp, and M48 at 1324 hp in the C. tentans gene.

Table I.

Sequences and positions of primers in the C. tentans BR! gene
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Table I.

Sequences and positions of primers in the C. tentans BR! gene

Sequence*

Name of Primer

Position within
C.tentans BRl�

5' -A A[AJ TGTGCCAA[GJAGAAA[GJGG-3'

P9

265-284 hp

5' -TT(AJCTCCAACT[C]CTGAAGTT-3'

P12

395-414 hp

5'-GGCAGTGTTGAAGTTGATGG-3'

M46

1 1 00- 1 1 1 9 h p

5'-CCTCTATCTTCTACGCTATCCTATGGA-3'

M48

1324-1350hp

*Brackets around base pairs indicate mismatches between C. tentans and C. pallidivittatus.
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1500bp

IOObp

P9

ladder

M46

P9
M48

P9

M46 M46

PI2

I

1500bp

I

2

3

I

2

A

Figure 2.

l kb
ladder

3

B

PCR products amplified from C. riparius genomic DNA,

(A) Products generated using the standard PCR cycle.

Lane I was a DNA ladder, lane 2 were

products generated using P9 and M46, and lane 3 products were generated using P9 and M48.
(B) Products generated using the altered PCR cycle.

Lane 1 was a DNA ladder, lane 2 products

were generated using P9 and M46, and lane 3 products were generated using P12 and M46.
Only P9 and M46 generated a band of interest within the expected size range.

in lane 2.
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It is the top band

only one main band (Figure 2B) at approximately 600-700 base pairs long, which fell within the

expected range.

The DNA from this band was purified, and then amplified by PCR using the

same primers (Figure 3).

It was difficult to isolate a single band in spite of efforts to create more

stringent conditions by altering Mg2+ concentrations and raising the primer annealing

temperature.

The main band, called E53, was bright and of the expected size, compared to the

other fainter products that were smaller and out of range.

Subsequently, the DNA from the top

main band was prepared for sequencing.

C.

Sequencing of ES3 DNA

The positive and minus strands were sequenced separately using P9 and M46 primers

respectively.

The sequencing gel is shown in Figure 4.

products ending in the bases G, A, T, C respectively.

The four lanes of each column were

Lanes 1-4 were products generated using

P9 and were clear enough to determine the positive strand sequence.

Lanes 5-8 were products

generated using M46. but they were over-exposed and difficult to read due to overlap between

lanes.

Another autoradiography (not shown) was required in order to detennine the sequence for

the minus strand.

It was also difficult to read.

those in the PC Gene database.

homology). C. tentans

B

homology), C. temans

BR2

The best matches include C. thummi BRC gene (75.1 %

Rl gene

.2

The detennined sequences were compared to

3.9% homology). C. pallidivittatus

(7

A

mRN

(69.4% homology), and

homology).
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Rl gene (71.4%

B

. rentans

C

BR2.l

A (66.9%

mRN

Figure 3.

Puriftcation of a band for sequencing.

The products in lane 1 were from rcamplified DNA originating from the genomic PCR product
shown in Figure 2B. Iane 2.
this gel.

The same primers, P9 and M46, were used to generate the bands in

There was one main, bright band about 600-700 bp in length that was selected for

sequencing.

The other smaller bands were ignored because they were out of the expected size

range.
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1

Figure 4.

2

3

4

1

1

5

6

7

8

A sequencing gel of DNA fragment E53.

The left set oflanes 1-4 gave the sequence of the positive strand generated from P9, and the right
set of lanes 5-8 gave the sequence of the minus strand generated from M46. Each set of lanes ran
in the following base order from left to right G-A-T-C.
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D.

Probe Sequences Were Taken From Areas of Homology

PC Gene was used to search for sequences that shared the best homology to E53.

The

best alignment was between E53 and the known sequence of C. thummi BRC gene (75.1 %

homology).

Since there was an exon within this BR gene, molocular probes were developed

from the alignment between E53 and C. tentans BR2.l mRNA (Figure 5).

Probes

complementary to this region would be expected to bind to Balbiani ring mRNA.

There was

66.9% homology between the two sequences with some areas having greater homology than

other areas.

Sequences for possible probes were selected from an area of higher homology and of

lesser homology.

It was assumed that the area of lesser homology would be a sequence specific

for C. riparius BR2.l mRNA, and that the areas of high homology might be less specific and

occurring in other BR genes.

Table 2.

The probe sequences developed from this alignment are given in

BRNAI was from position 147-165 bp, BRNA2 from 53-72 bp, BRNA3 from 51-75

hp, and BRNA4 from 52-85 hp in the E53 sequence.

Note that the sequences are reversed (3' to

5') and complementary to the rnRNA sequences given in Figure 5.

E. Solution Hybridization

Solution hybridization was used to measure varying levels of C. riparius BR mRNA.

The results from a solution hybridization assay using probe BRNA3 and total RNA of larvae

exposed to varying concentrations of actinomycin D are shown in Figure 6, and the averages of

each concentration are shown in Figure 7.

The actual values can be found in the appendix.
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E53

GCTGGTAAACCTAGTAAATCTGAACCAAGAACTGAGCGTCCTACAACTTG

IIIIIIIIIII

IIIIIIIIIIIIII

IIIIIIII

I

II

IIIII

-50BP

II

CT

GCTGGTAAACCAAGTAAATCTGAACCTAGAACTGAAAGGCCAACAACATG

-350BP

E53

TATTGAATCAAGTGAAAGTGAAGAA-ACAC-C-AACT-CY-A-GTTAAAA

-94BP

IIIIIIII

IIIIIIII

II

III

III

I

II

I

I

II

II

CT

CAT'l'GAATCCAGTGAAAGCGATGAAGCCACTTCAGCTCCTGAAGTACCAA

-400BP

E53

CAACTTGTGAGGACTC-AGAAGAAAGTCAGGAAACACCAACTGAAGGACC

-143BP

!III

III

II

II

II

III

I

I

II

I

I

I

II

CT

CAACCTGTTTAGAGTCTAG-TGAAGA'I'GATGATA-ATTTGGTTTGTGA-T

E53

AACGACATGTGTTGAATCAGAG

CT

GATGCAATGAG-AAAAACAGAG

I

Figure 5.

I

III

I

II

-447BP

-165BP

IIIII
-469BP

'The alignment between E53 and C. tentans (CT) BR2 mRNA.

There is 66.9% homology as indicated by the "I" symbol linking identical base pairs between the
sequences.

The symbol "Y" indicates that either a C or T base can hold that position.

are some regions of greater and lesser homology.

Lines indicate molecular probes.

Note there

BRNA 1

begins at position 147 hp, BRNA2 at 53 hp, BRNA3 at 51 hp, and BRNA4 at 52 hp in the E53

sequence.
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Table 2.

Probe sequences derived from the alignment between C. tentans BR2. l

mRNA and E53.

Sequence*

Name

Position
Within E53

5' -CTCTGATICAACACATGTC-3'

BRNAI

147-165 bp

5'-TICACTTICACTIGATICAA-3'

BRNA2

53-72 bp

5'-TICTICACTTICACTTGATICAATA-3'

BRNA3

51-15 bp

5'-GAGTIGGTGTTTCTICACTTICACTTGATICAAT-3'

BRNA4

52-85 bp

*Probe sequences are reversed and complimentary
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Figure 6. Results of solution hybridization using the probe BRNA3.

Probe BRNA3 was hybridized to total RNA from C. riparius exposed to varying
concentrations of actinomycin D.

TPC (total probe counts) indicates probe alone; S 1

indicates probe exposed to Sl nuclease with no RNA. Treatments were control (C), 0.06,
and 0.24 mg/I actinomycin D for 24 h.

Letters a and b refer to replicate treatments, and

numbers 1 and 2 refer to duplicates of each RNA sample.
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Figure 7. Average values from solution hybridization using probe BRNA3.
The values are averages± standard deviation for samples from solution hybridization
using probe BRNA3. There is no statistical difference between the samples.

�0.05.
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P value is

The specific activity of the probe was 89.24 cpm/fmol.

The probe was diluted so that

4

approximately 5-10 x 10

cpm was added to each sample.

Each treatment of actinomycin

D (0 mg/I, 0.06 mg/I, and 0.24 mg/I) was done in replicate and analyzed in duplicate.

total counts per minute (CPM) were the amount of radiation on each dot blot filter.

The

The

amount of hybridization was determined by comparing each sample's value (probe/RNA

duplex from control and actinomycin D treated animals) with undigested probe (TPC

samples) and unhybridiud probe digested by SI nuclease (SI samples).

The results seen in Figure 6 and Figure 7 demonstrated a lack of hybridization.

The TPC values were higher than S 1 control values demonstrating that the enzyme was

working.

The values for S 1 control should have been lower than the test samples

(Hamilton et al., 1988), but there were some samples (Control b and 0.06 b) that were

lower or close to the St values.

The results for the controls and actinomycin D treated

animals were completely random, and effects from actinomycin D exposure were

unnoticeable.

Similar results to the first solution hybridization are seen in a separate solution

hybridization using BRNA4.

It was 34 base pairs long and should have hybridized better

than BRNA3, which was 25 base pain; long (Hamilton et al., 1988).

Results from the

solution hybridization with BRNA4 are shown in Figure 8. and the averaged values are

shown in Figure 9.

The actual values are given in the appendix.

The specific activity of

4

the probe was 735.56 cpmlfmol.

added to each sample.

The probe was diluted so that 5-10 x 10

cpm was

Again, there was a lack of hybridization among the samples.
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Figure 8. Results of Solution Hybridization using probe BRNA4
Probe BRNA4 was hybridized to total RNA from C. riparius exposed to varying

concentrations of actinomycin D.

TPC (total probe counts) indicates probe alone and S 1

indicates probe exposed to Sl nuclease with no RNA. Treatments were control (C), 0.06,
0.02, and 0.24 mg/I for 24 h exposure.

Letters a, b, and c refer to replicate treatments,

and numbers 1 and 2 refer to duplicates of each RNA sample.
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Figure 9. Average values from solution hybridization using probe BRNA4
Toe values are averages

± standard

experiment using probe BRNA4.

deviation for samples from solution hybridization

There is no statistical difference between samples.

value is S: 0.05.
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P

All the values were random, without any effect from actinomycin D exposure, and all

were lower than the S 1 control values.

A mouse control was perfonned to verify that the solution hybridization technique

was performed correctly.

Results are given in Table 3.

The TPC (I) was 90205 CPM;

TPC (2) was 84807 CPM; SI (I) was 922 CPM; SI (2) was 545 CPM; mouse RNA (I)

was 8153 CPM; and mouse RNA (2) was 41683 CPM. These values indicate sufficient

hybridization between mouse probe and RNA, confirming that the solution hybridization

procedure was being performed correctly.

F. Differential Display

Because of the poor solution hybridization results, differential display was

performed to determine if the probe sequences were complementary to mRNA found

within C. riparius.

Reverse transcription of total RNA from larvae exposed to

actinomycin D (0 mg/I, 0.6 mg/I, and 0.24 mg/I) was perfonned using primer M46 and

anchor primers to generate the cDNA.

Then PCR using P9 and M46 or anchor primers

were performed on reverse transcription products in order to amplify them and
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incorporate

P- a -ATP.

An artistic recreation of the polyacryla.mide gel, which

separated the PCR products, is shown in Figure 10.

Reamplified products were only

generated from templates (reverse transcription products) made by M46 and not by the

anchor primers.

Bands A and Bin Figure 10 were present in control RNA, but not found

in RNA from larvae exposed to 0.06 mg/I and 0.24 mgll actinomycin D.
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This suggested

Table 3.

Hybridization of mouse control probe (counts per minute)

Trc•

sr

Centrer' RNA

(CPM)

(CPM)

(CPM)

Dupllcatel

90205

922

43681

Dupllcate2

84807

545

41636

87506

733.5

42658.5

Sample'

Average

a. Samples 1 and 2 are duplicates

b. TPC indicates probe alone

c.

d.

S 1 indicates probe exposed to S 1 nuclease

Mouse liver RNA (5 µg) was used as control RNA
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c
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.,..,

C I M40

Figure 10. Representation a 6% polyacrylamlde gel separating products from
differential display.

Bands were generated using primers P9 and M46 on RNA from

animals exposed to control (C), 0.06, and 0.24 mg/I actinomycin D.

Note the

disappearance of bands A and B, and the appearance of bands G and H.
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that changes in RNA levels are due to treatment effects.

Two Bands, G and H, were seen

in RNA from larvae exposed to actinomycin D, but not in control RNA.

Bands A, B, C,

D, E, F, G, and H were cut from the gel and reamplificd by PCR using primers P9 and

M46.

The results are shown in Figure 1 1 .

products were smaller than E53.

Band F did not reamplify, and all other

This suggested that none of the bands from differential

display were E53, and that E53 mRNA was not transcribed or at detectable levels.
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1600-700

jsoobp

I

I

B

A

Figure 11.

bp

Reamplified products from differential display

Products from the reamplification of DNA from differential display were separated by gel
electrophoresis. For size comparison, the E53 fragment was run along with a DNA ladder
(L).

There were no products produced that were the same size as E53.

The Letters A, B,

C, D, E, F,G, and H represented DNA isolated from the bands shown in Figure IO.

(A)

Products from the reatnplification of Bands D, E, F, and G. The DNA ladder and E53
were run in this gel but not shown due to poor quality, however the bands were lined up
to match the sizes on the ladder in B.

(B) Products from the reamplification of Bands A,

8, C, and H.
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Discussion

Since Balbiani ring gene sequences are not known in C. riparius, primers were

based on BRl sequences of other Chironomus species.

The primers were chosen from

areas of high homology in an alignment between C. pallidivinatus and C. tentans (Figure

1).

Since there was conservation of these sequences between these two Chironomus

species, it was assumed that there would be conservation of the Balbiani ring genes of C.

riparius as well. Because the primers came from sequences of the same Genus, this was a

straightforward approach for amplifying BR gene fragments in C. riparius.

Amplification using the above primers on genomic DNA generated products of

the appropriate size range, but there were many bands produced that were close in size.

It

was difficult to pursue so many bands in consideration of the time needed to purify,

reamplify, and sequence each band.

Attempts were made to increase the stringency of the

PCR conditions by increasing primer annealing temperatures and increasing Mg2+

concentration (Innis and Gelfand, 1990).

number of bands (data not shown).

These attempts did not significantly reduce the

Therefore, the PCR cycle was modified.

PCR was

performed at a lower than optimal annealing temperature for IO cycles thereby increasing

the binding of the primers to the complementary templates.

Then the annealing

temperature was raised to the optimal annealing temperature for primer P9 in order to

increase the specificity of binding.

At the higher annealing temperature, the primers

should have bound to only the templates produced at the lower temperature and highly
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specific genomic template.

Theoretically. there should have been non-specific binding by

the primers during the first ten cycles but more specific binding during remaining cycles.

After altering the PCR cycle, there was a decrease in the number of bands

produced from genomic DNA.

Figure 2 shows how the number of bands produced that

were in the correct size range was limited to just one as opposed to several.

The main

band E53, produced by primers P9 and M46. was pursued for sequencing because of its

size.

The band was about 600-700 bp long, compared to the other bands ranging from

300 to 400 bp.

Toe primer pair P12 and M46 produced a band approximately 300bp in

size, which was outside the expected size range.

Anything outside the expected size

range was not pursued due to the probability that it was not the correct target.

The members of the BR multigcne family have been found to be so closely related

in their internal sequence organization that it is likely that they originated from a common

ancestor sequence (Hoog et al., 1988).

Each member may have arisen by duplication and

divergence or by reciprocal and non-reciprocal recombinations between gene copies

(Paulsson et al., 1990).

except for BR6.

Therefore, there are gene sequences common to all BR genes,

It has been found to be the most unique and divergent among the known

BR genes (Lendahl and Weislander, 1984). This ancestry could explain the homology

between the E53 sequence and both BRI and BR2. even though our initial target was

BR! (Figure 1).

Because of the strong homology ofE53 to BR!, BR2.I, and BR2.2, we

could not distinguish the E53 sequence as a specific BR gene.

For the purpose of

developing a probe, the alignment between E53 and BR2. l mRNA was chosen.

probe had to match a mR.NA sequence in order to detect mRNA during solution
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The

hybridization experiments.

development.

Two areas of the sequence were chosen for probe

An area of high homology was chosen to increase the likelihood that it

would bind to any BR mRNA. An area of less homology was chosen with the intention

that this area would be unique to BR2.l in C. riparius thereby giving specificity to the

probe.

The identification of the E53 sequence was based mainly on the sequence

generated by primer P9.

It was very clear and easy to read compared to the sequence

generated by primer M46.

In this sequence, there were many overlaps between the lanes

(Figure 4) suggesting multiple simultaneous sequences.

due to the clean sequence of the positive strand.

The template was evidently pure

Therefore, it was possible that M46

recognized more than one site within the PCR fragment.

All the BR genes have been

found to consist of 125-150 tandem repeat units consisting of a constant region and a

subrepeat region (Paulsson et al., 1992).

This could also have accounted for the constant

minor bands appearing during purification of a band for sequencing.

If M46 recognized

multiple sites within the sequenced region in C. riparius, then minor, smaller bands (300-

400bp) would have been created and sequences would be unclear.

The computer program PC Gene should have selected primers based on

sites within the sequence to be amplified.

that M46 bound to multiple sites.

unique

This would seem to contradict our assumption

Further investigation involving the alignment of M46

with the E53 sequence showed that M46 did only recognize one site. However, it was

possible that the primer was partially homologous to multiple sites under less stringent

conditions.

Recall that the PCR involving P9 and M46 was performed at the annealing
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temperature appropriate for P9. which was lower than that for M46.

Repeat regions did

not appear to be a problem in other sequencing experiments since gene cloning and

libraries were used (Paulsson et al., 1990, Lendahl and Weislander, 1984, Saiga et al.,

1988, and Galli and Weislander, 1993).

As seen by Figures 6 and 8, hybridization between mRNA and probes BRNA3

and BRNA4 was not apparent. It was possible that the probes did not have a high enough

specific activity and therefore, hybridization could not be visualized.

be within 24-35 nucleotides long (Hamilton, 1988).

Also, probes should

BRNA3 was 25 bases long and may

have been too short to allow the strong binding required for hybridization (Hamilton,

1988).

BRNA4 was 34 bases long and should have hybridized well.

The reason why hybridization did not occur between BR probes and mRNA is still

being investigated.

The assay was working properly as indicated by the hybridization

between the mouse probe and mouse liver mRNA (Table 3).

There are several possible

explanations. The probes may have been of poor quality. since they were not HPLC

purified, there might have been mRNA degradation, or the gene may not have been

transcribed at high enough levels for detection.

A previous study on the differential

expression of Balbiani ring genes in C. tentans larvae demonstrated a decrease in BRl

and BR2 (they did not distinguish between BR2.l and BR2.2) during the fourth instar

stage of development (Lcndahl and Weislander, 1987). H the levels of these genes

decrease, a member of the BR gene family could not serve as a control during toxicity

studies.

Another study suggested that the lack of substrate or food during actinomycin D

exposure might have been a factor in decreased transcription (Meyer et al., 1983).
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Differential display was performed to verify whether or not the sequence used to

make the probes was part of a mRNA.

generate cDNA from total RNA.

Primer M46 or anchor primers were used to

P9 was then used as a forward primer to synthesize the

complementary strand and amplify the cDNA.

polyacrylamide gel electrophoresis.

The products were separated using

Upon visualization, only P9 and M46 produced

products (Figure 10) from RNA of larvae exposed to 0.06 mg/I, 0.24 mg/I actinomycin D

and control.

A product of the same size as E53 was not produced, but there were bands

smaller in size.

The results suggested that P9 and M46 did not recognize a mRNA

product in the prepared samples.

There was the possibility that the sequence had been shortened in some way, but

the anticipated size had been based solely on exons. The smaller products will be

sequenced in the future to see if they are part of mRNAs from the same or different BR

genes.

It must be mentioned that the total RNA used in the differential display was the

same total RNA used in the second solution hybridization.

The possibility that BR2. l

was not optimally transcribed could therefore account for both the negative differential

display results and solution hybridization results. If the determined sequence was not

transcribed. then a band the size of E53 would not be seen.

In the future, cloning will be

used to resequence the 853 band in order to optimize the M46 sequence and verify probe

identity.
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Summary

Homologous regions of related species were used to select primers and generate

PCR products in C. riparius.

sequenced.

A product within the expected size range was produced and

Comparison of the experimental sequence to a gene database confirmed that

the sequence was part of a Balbiani ring gene, however, it was difficult to determine if it

was part of BR!, BR2. l, or BR2.2 due to the similarity between E53 and these genes.

From the experimental sequence, molecular probes specific for a C. riparius BR

gene were designed.

These probes did not detect BR mRNA using the solution

hybridization method.

Differential display results suggested that the experimental

sequence may not have been part of a mRNA. Research has suggested that BRl and BR2

is not produced at high enough levels for detection during fourth instar (Lendahl and

Weislander, 1987).

Another study suggested that the absence of f
ood or substrate during

exposure to actinomycin D could have prevented BRl and BR2 from being transcribed

(Meyer et al.; 1983).

Future

studies

will be

onncd in our laboratory to test the

pcrf

importance of f
ood an
d substrate.
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Appendix

Table 1.

Individnal total connts per minute for samples shown in

Figure 6, and their average values as shown in Figure 7.

TPC

SI

Ca

Cb

0.068

0.06b

0.24a

0.24b

Duplicate 1

215

94

92

177

126

121

100

133

Duplicate 2

141

88

91

87

86

73

124

162

178

91

91

132

106

97

112

147

Average

Table 2. Individual total counts per minute for samples shown in Figure
8, and their averagevalues shown in Figure 9.

TPC

Sl

Ca

Cb

Cc

0.02a

3494

1349

418

632

269

731

Duplicate 2

4026

1474

1111

301

277

424

333

Average

3760

1412

765

467

273

578

470

0.06a

0.06b

0.06c

0.248

0.24b

0.24c

Duplicate 1

Duplicate 1

126

121

983

100

133

456

Duplicate 2

86

73

515

124

162

780

Average

106

97

749

112

147

618

41

0.02b

1098

0.02c

607

